; across all three strains, infected Yukon Gold had higher titer than infected A98345-1 plants. Yukon Gold plants had lower tuber mass than A98345-1 when infected, and there were differences between the two inoculation methods in regard to tuber mass for the three stains. The results showed differences in infection response between inoculation methods and as a function of genotype, strain, inoculation stage, and their interactions. These factors should be considered when screening genotypes for resistance.
pending upon the cultivar (de Bokx and Huttinga 1981, Nie et al. 2012) , with a few isolates causing potato tuber necrotic ringspot disease (PTNRD) . PVY N , the tobacco veinal necrosis strain, causes near-symptomless to mild mosaic in many potato cultivars (Nie et al. 2012) . Most PVY NTN isolates and some PVY N:O isolates cause PTNRD, depending upon the cultivar infected (Piche et al. 2004 , Gray et al. 2010 , Nie et al. 2012 .
Recent Þeld surveys have shown increasing levels of PVY and also the emergence of different PVY strains, including PVY (Crosslin et al. 2002 , Piche et al. 2004 , Crosslin et al. 2006 , Karasev et al. 2008 , Gray et al. 2010 . Emergence of new recombinant (i.e., PVY N:O ) and necrotic (i.e., PVY NTN ) isolates creates management challenges (Crosslin et al. 2006) because plants infected by these isolates produce less obvious symptoms relative to those produced by PVY O , making it harder to identify diseased plants in the Þeld for roguing (Nie et al. 2012) . Foliar symptom expression in some cultivars (e.g., ÔShepodyÕ and ÔRusset NorkotahÕ) is latent to symptomless, even when plants are infected with a high concentration of PVY, making them possible reservoirs of PVY for aphid transmission (Draper et al. 2002 , Hamm et al. 2010 , Nie et al. 2012 .
There are Ͼ50 species of aphids that can transmit PVY in a nonpersistent manner (Ragsdale et al. 2001 ), but transmission efÞciency differs among species (Basky and Almási 2005 , Verbeek et al. 2010 , BoukhrisBouhachem et al. 2011 , Cervantes and Alvarez 2011 , Mello et al. 2011 . The most efÞcient PVY vector is the green peach aphid, Myzus persicae (Sulzer) (Ragsdale et al. 2001 , Verbeek et al. 2010 . Although aphid transmission is the primary means by which PVY is spread in the Þeld, the majority of research investigating potato response to PVY infection has been conducted using mechanical inoculation methods (Le Romancer and Nedellec 1997 , Mehle et al. 2004 , Nolte et al. 2004 , Baldauf et al. 2006 , Whitworth et al. 2006 , Nie et al. 2012 ). An objective of this study, therefore, was to examine host responses to infection following mechanical and aphid inoculation methods.
In the past, most breeding programs focused on developing resistance to PVY O (Corsini et al. 1994) . Currently, there is only limited information regarding the response of potato cultivars to different strains and isolates, especially the necrotic and recombinant forms of PVY (Cervantes 2008 , Nie et al. 2012 (Novy et al. 2008 ). Ranger Russet is moderately resistant to PVY O and susceptible to PTNRD (Novy et al. 2008 , Gray et al. 2010 . Responses of A98345-1 were compared with those of ÔYukon Gold,Õ which is susceptible to all strains of PVY and exhibits PTNRD (Gray et al. 2010 , Nie et al. 2012 . Yukon Gold is the progeny of a cross made between potato ÔNorgleamÕ and potato line W5279-4 at the University of Guelph in 1966 (Johnston and Rowberry 1981) . Susceptibility was measured by comparing infection rates between A98345-1 and Yukon Gold. In this study A98345-1 was considered susceptible or resistant when exhibiting a higher or lower infection rate, respectively, relative to Yukon Gold.
Only a few studies (Sigvald 1985 , Gibson 1991 ) have considered plant physiological stage (i.e., age of plants) and its interaction with PVY strain in regard to plant response to infection. Knowledge regarding agebased resistance for different cultivars would provide valuable information regarding early-and late-season PVY infection by aphids, and would be useful in developing management strategies. Therefore, a third objective of this study was to examine host responses (infection rate, virus titer of infected plants, and mass of tubers from infected plants) at two growth stages at the time of inoculation.
Therefore, the goal of this study was to improve understanding of the interacting factors in the PVYÐ green peach aphid pathosystem by examining mechanically and aphid-inoculated plants of two potato genotypes (Yukon Gold and A98345-1) challenged with one of three PVY strains (PVY 
Materials and Methods
Test Plants. Nuclear minitubers of A98345-1 and certiÞed minitubers of Yukon Gold were obtained from the University of IdahoÕs tissue culture facilities in Moscow, ID, and Tetonia, ID, respectively. Minitubers were planted in pots (10 by 10 by 15 cm) with potting mixture of 2:2:1 (sand: peat moss: vermiculite) and 14:14:14 encapsulated fertilizer. Plants were kept in a greenhouse at the University of Idaho Aberdeen Research & Extension Center at a photoperiod of 16:8 (L:D) h and 20 Ð27ЊC. About 1 wk after emergence, all plants were thinned to one shoot per plant for use in the experiment. Tobacco (ÕXanthiÕ) plants, which are highly susceptible to PVY, were used to conÞrm the efÞcacy of the mechanical inoculations (see below, under "Virus inoculation"). Tobacco seeds were scariÞed by placing on a piece of Þlter paper moistened with gibbelleric acid (500 ppm) and germinated on petri dishes in an environmental chamber maintained at 20 Ð24ЊC and a photoperiod of 16:8 (L:D) h. After allowing 1 wk for germination, the tobacco plantlets were transplanted to plastic pots as described above, and kept under the same environmental conditions as potato plants. Lorenzen et al. 2006) to conÞrm presence of the desired strains.
Source of Inoculum. Cuttings from potato plantlets (NY 129 line) that had been aphid-inoculated (by M. persicae) with one of the PVY strains were grown as the source of inoculum. Cuttings were dipped into rooting hormone powder (indole-3-butyric acid) and planted in pots with the soil mixture described above (under "Test Plants"). Cuttings for each strain were kept separately in chiffon cages (100 by 100 by 75 cm). These source plants were tested using a double-antibody sandwichÐ enzyme-linked immunosorbent assay (DAS-ELISA; Anti PVY monoclonal cocktail and Anti PVY conjugated with AP; BIOREBA, Reinach, Switzerland; Clark and Adams 1977) to determine infection status and then tested with multiplex RT-PCR to conÞrm that only the desired strain was present in source tissue before inoculation.
Virus Inoculation. Before performing inoculations on test plants, 40 test plants (20 plants of each genotype) from each replication were randomly sampled and tested via DAS-ELISA (Clark and Adams 1977) to ensure that plants grown from minitubers were free of PVY before use in inoculation procedures.
Test plants were inoculated at 3 wk (preßowering) or 7Ð 8 wk (postßowering) after planting minitubers. Test plants were either aphid-inoculated or mechanically inoculated with one of three strains of PVY.
Mechanical inoculation was performed by gently rubbing three upper leaßets of the test plants using foliar abrasive carborundum (600 grit) at 6 mg/ml of potassium phosphate buffer (0.1M K 2 HPO 4 , 0.025 M KH 2 PO 4 , pH 7.5) and sap from the leaves of the source plant of each strain (1 g of leaf tissue per 3 ml of the potassium phosphate buffer). Grinding of the leaf tissue with the potassium phosphate buffer was conducted in a plastic extraction bag (15 by 28.5 cm), using a metal ball bearing hand homogenizer (BIOREBA, Reinach, Switzerland). Fifteen to twenty minutes after inoculation, leaves of the inoculated plants were washed gently with a stream of tap water.
For the aphid transmission procedure, leaves were detached from 8-to 10-wk-old source plants. To maintain turgidity in leaves for 2Ð3 h, individual leaf petioles were inserted into 1.7-ml plastic tubes Þlled with water and sealed with parafÞn. Nonviruliferous apterous M. persicae were taken from the laboratory culture and starved for 2 h in petri dishes before use in the transmission procedure. M. persicae was used for aphid-inoculation treatments because it is the most efÞcient PVY vector and because its transmission rates can be related to transmission efÞciency of other aphids (Ragsdale et al. 2001 , Verbeek et al. 2010 . Aphids were transferred to the underside of a leaßet of a detached leaf from a source plant and allowed to probe for 90 Ð120 s (acquisition access period). Ten aphids were then transferred to the abaxial surface of an upper leaßet on each test plant, covered with a leaf cage (2.5 cm in diameter by 1.3 cm in depth, 3 mm thick wall; see below) and allowed to feed for 2 h (inoculation access period). The use of ten apterous aphids per plant for inoculation was based on a pilot study that showed higher and more consistent infection than with fewer aphids (D. S., unpublished data). Cages were constructed from Tygon tubing covered on either end with organdy cloth, and afÞxed to leaves of test plants by an aluminum spring clip. All aphid transfers were performed using a Þne-bristle (#2 camelhair) paintbrush. After completion of the inoculation access period, aphids were handpicked and killed manually. To further minimize the chance of any aphid survival on the test plants, plants were immediately treated with the insecticide naled at a rate of 0.094 g of (a.i.)/m 3 . Naled treatment was repeated weekly to reduce the likelihood of aphids contaminating the test plants.
Infection Rates and Titer Estimation. Thirty days after inoculation of test plants (regardless of inoculation method), a 1-g composite leaf sample was taken from the top, middle, and bottom portion of each plant. Composite leaf samples were ground using an electric leaf press and sap was collected and mixed with 5 ml of sample buffer (1ϫ phosphate-buffered saline [pH 7.4] containing 3.2 mM Na 2 HPO 4 , 0.5 mM KH 2 PO 4 , 1.3 mM KCl, 135 mM NaCl, 0.05% Tween 20, and 2 g/liter of powdered milk). The samples were tested with DAS-ELISA to determine infection rates and virus titers. In each replication, 20 infected plants were selected randomly to test with multiplex RT-PCR to verify the presence of only the desired strain. Results from the untreated control and RT-PCR of the potato plants suggest that there was no cross contamination in this experiment.
Relative titer for the three PVY strains within each potato genotype was determined by comparison of absorbance values at 405 nm (after allowing substrate development in ELISA for 45 min) with standard curves constructed with puriÞed virus of each virus strain and potato genotype combination. Virus concentrations of 1600, 800, 400, 200, 100, 50, 25, 12.5, and 6.25 Testing of Tobacco Plants. For each strain, two to three leaves of Þve 8 Ð12-cm-tall tobacco plants were inoculated mechanically, using the same sap and identical methods used to mechanically inoculate potato test plants. Three weeks after inoculation, leaf samples were taken from the tobacco plants and tested with DAS-ELISA to conÞrm efÞcacy of the mechanical inoculation technique used in the experiment. Because 100% infection of tobacco plants was achieved, the mechanical inoculation technique used in this experiment was considered to be effective.
Tuber Sampling. Tubers were harvested from Yukon Gold 13Ð14 wk after planting and from A98345-1 14 Ð16 wk after planting. Yukon Gold was harvested after a shorter time interval because it produces mature tubers earlier than A98345-1. Tubers were harvested only from plants with conÞrmed virus infection, and the fresh weight of tubers (tuber mass) from these plants was recorded.
Experimental Setup and Statistical Analysis. The experiment consisted of 24 treatments ϭ 2 genotypes (A98345-1 and Yukon Gold) ϫ 2 inoculation timings based on plant growth stage (3 and 7Ð 8 wk after planting) ϫ 2 inoculation methods (aphid and mechanical inoculation) ϫ 3 PVY strains (PVY The experimental design was a split-split plot randomized block design. Growth stage was a whole plot factor, virus strain was a subplot factor, genotype was a sub-subplot factor, and method of inoculation was the sub-sub-subplot factor. Because inoculation method interactions were always statistically signiÞ-cant, data were analyzed separately for the two inoculation methods; one-way, two-way, and three-way interactions between and among growth stage, virus strain, and plant genotype were examined within inoculation method. Infection rates were compared among treatments using the GENMOD procedure (binomial distribution) in SAS following a logit link transformation to achieve normality. Pairwise comparisons were carried out within the model by chi-square pairwise contrasts.
Relative virus titers per infected plant of the different treatment combinations were analyzed using the GLM procedure in SAS after transforming to log titer to achieve normality; comparisons among treatments were conducted using pairwise t-tests. Analysis of the mean mass of the tubers from infected plants was performed using the GLM procedure and mean comparisons were conducted using pairwise t-tests.
All analyses were conducted using SAS version 9.2 (SAS Institute, 2010 Cary, NC), with the statistical signiÞcance level set at ␣ ϭ 0.05. Data were analyzed separately by an inoculation method to increase the power of statistical analysis.
Results
Plant Infection Rate. Aphid Inoculation. Infection rate was signiÞcantly affected by plant growth stage, virus strain, and stage by genotype combination, but the other main effect (genotype) and interaction terms were not statistically signiÞcant (Table 1) . Infection rate at the preßowering stage was signiÞcantly higher than at the postßowering stage ( (Table 2) . For both genotypes, infection rate was higher for plants inoculated at preßowering relative to those inoculated at the postßowering stage (Fig. 1A) . Unlike for mechanical inoculation (see below), the interaction of strain and genotype was not statistically signiÞcant ( Fig. 2A) .
Mechanical Inoculation. All of the main effects and interactions were statistically signiÞcant for infection rate except for the three-way interaction (Table 1) . Overall infection rates were higher for plants inoculated at preßowering than at postßowering (Table  2 ) and higher for Yukon Gold than for A98345-1 ( Table 2) . Ranking of infection rate among virus strain treatments was as follows: Table 2 ). The interaction of growth stage and genotype showed that infection rate was higher for Yukon Gold, both at pre-and postßowering, relative to A98345-1; A98345-1 showed similar infection rates at pre-and postßowering but within Yukon Gold plants, infection rates were lower at postßowering than at preßowering (Fig. 1B) . The interaction of strain and genotype showed that ranking of infection rate from different virus strains differed between the two genotypes. For Yukon Gold, the ranking of infection rate was PVY O Ͼ (Fig.  2B) . For each strain, Yukon Gold showed a significantly higher infection rate than A98345-1.
Virus Titer. Aphid Inoculation. In plants with conÞrmed virus infection, only virus strain had a signiÞ-cant effect on virus titer; all the other main effects and interactions were not signiÞcant ( , but the titers of plants infected with the latter two strains were not signiÞ-cantly different from each other (Table 4 ). Virus titer in infected Yukon Gold plants tended to be higher than that in A98345-1, but the difference was not statistically signiÞcant (Table 4) . Although the interaction of genotype and virus strain was not statistically signiÞcant, response of virus titer showed a trend that was similar to that of mechanically inoculated plants ( Fig. 3A and B) .
Mechanical Inoculation. The genotype effect and strain by genotype interaction was signiÞcant for virus titer (Table 3) . Overall, infected Yukon Gold plants had a higher titer than infected A98345-1 plants ( (Fig. 3B) . Virus titer of Yukon Gold plants infected with PVY O was greater than the titer of A98345-1 plants infected with the same strain (Fig. 3B) . The same was true for PVY NTN titer; however, there was no difference in titer of Yukon Gold compared with A98345-1 plants infected with PVY N:O (Fig. 3B) . Tuber Mass. Aphid Inoculation. Mean tuber mass of infected plants was affected signiÞcantly by the three main effects, but interactions were not signiÞcant (Table 3). Plants infected at postßowering compared with the preßowering stage had signiÞcantly higher mean tuber mass (Table 5) . PVY NTN infection resulted in lower mean tuber mass than infection with PVY O and PVY N:O , whereas tuber mass from the latter two treatments were not signiÞcantly different from each other (Table 5 ). Infected Yukon Gold plants had lower mean tuber mass than infected A98345-1 plants (Table 5) .
Mechanical Inoculation. Mean tuber mass of mechanically inoculated plants showed signiÞcant responses for the three main effects and the three-way interaction (Table 3 ). Similar to aphid-inoculated plants, mean tuber mass for mechanically inoculated plants was higher for plants inoculated postßowering relative to preßowering (Table 5 ) and for the A98345-1 genotype relative to Yukon Gold (Table 5) . For mechanically inoculated plants, the pattern of response of tuber mass to the three virus strains differed from the response of aphid-inoculated plants. Plants infected with PVY N:O had higher mean tuber mass than plants infected with PVY O or PVY NTN , which yielded tuber masses that did not differ significantly from each other (Table 5) .
Discussion
Many previous studies focused on host-plant resistance to PVY or vector-transmission efÞciency have (Beemster 1976 , Venekamp and Beemster 1980 , Sigvald 1985 , Bosque-Pé rez et al. 1998 ) and transmission efÞciency of virus vectors (Gibson 1991) . Both genotypes examined in the current study exhibited age-based resistance to PVY, at least when inoculated with aphids. This result is consistent with similar studies using other potato cultivars; susceptibility to virus diseases in potato is typically high for the Þrst few weeks after emergence compared with susceptibility later in a potato plantÕs developmental stage (Beemster 1972 (Beemster , 1976 Venekamp and Beemster 1980; Venekamp et al. 1980; Sigvald 1985 , Gibson 1991 . A98345-1 exhibited less pronounced age-based resistance than did Yukon Gold, with no age-based resistance observed for mechanically inoculated A98345-1 plants. Similar varietal differences have been reported Means within a column for each main effect that share a letter are not signiÞcantly different (␣ ϭ 0.05). Statistical inference was based on log-transformed data; untransformed means are shown. Means within a column for each main effect that share a letter are not signiÞcantly different (␣ ϭ 0.05).
in previous studies (Beemster 1976 , Gibson 1991 . Our results indicate that A98345-1 is more resistant to PVY than Yukon Gold, so age-based resistance in this genotype might be more subtle and harder to detect. Development of mature-plant PVY resistance can occur as early as 4 Ð 6 wk after emergence for Þeld-grown cultivars (Gibson 1991) . Age-based resistance also was reßected in differences in tuber mass between plants inoculated pre-and postßowering. These results underscore the need to consider age-based resistance in Þeld scouting, forecasting, and management programs for aphids and PVY in potato.
In the current study, Yukon Gold showed the highest infection rate when inoculated with PVY O , whereas A98345-1 showed the highest infection rate when inoculated with PVY N:O , illustrating the role that plant genotype plays in relative susceptibility among different PVY strains. Across all virus strains, Yukon Gold exhibited higher infection rate than A98345-1. A98345-1 had a relatively low susceptibility to PVY O and PVY NTN , traits likely derived from one of its parents, Premier Russet, which has similar susceptibility properties (Novy et al. 2008 ). The results presented here show that different potato genotypes can respond differently to the same PVY strain, and potato genotypes may react differently to different PVY strains. A given cultivar can exhibit differential response to different isolates of the same strain (Bawden and Kassanis 1946 , Le Romancer and Nedellec 1997 , Draper et al. 2002 , which further complicates resistance screening efforts. Infected Yukon Gold plants had a higher virus titer and a lower tuber mass than A98345-1, especially when plants were mechanically inoculated, which might be explained by traits inherited from Premier Russet in A98345-1.
Differences in strain susceptibility (as measured by infection rate) might be related to interactions among viral coat protein (Gera et al. 1979) , helper component protein, and the insect stylet protein at the binding sites (Uzest et al. 2007) . When assessing the susceptibility of a cultivar to PVY or estimating transmission efÞciencies, testing with as many strains and isolates as possible will provide the most complete picture of a cultivarÕs susceptibility. Consistent with a recent study (Verbeek et al. 2010) , virus titer of the source leaves was not observed to be related to transmission efÞciency in this study (D. S., unpublished data). All three virus strains examined in the current study may co-occur in the Þeld in most potato-growing areas in North America. The results of this study suggest the importance of considering both potato cultivar and virus strain when developing PVY management programs in the Þeld.
Despite the tendency to exhibit lower virus titer than plants inoculated with PVY O , plants inoculated with PVY NTN generally had lower tuber mass than those inoculated with the other two strains. Virus titer in infected plants may not be directly related to resistance levels, symptoms, or yield, as has been shown with Tomato yellow leaf curl virus in tomato (Lapidot et al. 1997 ) and PVY in potato; expression of PVY symptoms differed between potato ÔRusset NorkotahÕ and ÔRed LaSoda,Õ even though they exhibited similar levels of virus titer (Draper et al. 2002) . Visual symptoms in infected A98345-1 in the current study were not as obvious as for infected Yukon Gold (D. S., unpublished data).
Management of PVY using insecticides is challenging because of the speed with which virus is transmitted by aphids (Radcliffe and Ragsdale 2002) and the difÞculty in identifying infected plants based on visual symptom, particularly with the emerging strains (Nie et al. 2012) , which complicates efforts to reduce PVY in Þelds by roguing. The use of PVY-resistant potato varieties can be an important component of an integrated approach to managing PVY. However, when screening for resistance, the results presented here demonstrate the importance of considering multiple virus strains. Although differences between aphid and mechanical inoculation were not statistically tested, mechanically inoculated plants showed numerically higher rates of infection and virus titer and lower tuber mass than aphid-inoculated plants. Mechanical inoculation may be logistically easier to conduct in the laboratory; however, results may not be consistent with responses using aphid inoculation, which is the primary mode of virus transmission in the Þeld. This underscores the importance of using aphid inoculation in PVY resistance screening programs. Disease epidemiology in the Þeld may be inßuenced by interactions among potato cultivar, virus strain, and plant growth stage at time of infestation. All of these factors should be considered when developing scouting, forecasting, and management programs for this important viral disease.
